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We estimate the photon and dilepton emission rates from
hot hadronic matter with in-medium spectral shift and broad-
ening of vector mesons. It is observed that both the WA98
photon data and CERES/NA45 dilepton data can be well
reproduced with similar initial conditions. We argue that
simultaneous measurement of the pT spectra of single pho-
tons and invariant mass distribution of dileptons is important
to understand the in-medium spectral function of the vector
mesons.
PACS: 25.75.+r;12.40.Yx;21.65.+f;13.85.Qk
It is expected that the creation and study of quark
gluon plasma (QGP) would be possible by eecting col-
lisions of two nuclei at ultra-relativistic energies. Among
various signals of QGP, photons and dileptons are known
to be advantageous [1], because of their nature of in-
teractions, those probe the entire volume of the plasma
and thus, are better markers of the space time history
of the matter formed after the collision. In this work
we carry out a detailed analysis of the WA98 photon and
CERES/NA45 dilepton data and emphasize that a simul-
taneous measurements of these is essential to understand
the in-medium spectral function of vector mesons vis-a-
vis red-shift and broadening.
We start with the single photon data of WA98 collab-
oration [2] which has initiated considerable theoretical
activities [3{8]. For the analysis of WA98 photon spec-
tra, we consider prompt photons resulting from the hard
collisions of the partons in the colliding nuclei and the
thermal photons from a hot hadronic gas with possible
in-medium modications. Photons from hadronic decays
(0 ! γγ,  ! γγ etc.) are already subtracted from
the data [2] and hence we need not consider them here.
We start our discussions with the prompt photon. The












where n(b) is the average number of nucleon-nucleon col-
lisions at an impact parameter b, and in (=30 mb, taken
from Ref. [2]) is the p− p inelastic cross section. The av-
erage value of n(b) for collisions of two nuclei of mass
numbers A and B is given by [9],
n(b) = ABTAB(b)in (2)
where TAB(b) is the nuclear overlap integral evaluated
from the following expression,
TAB(~b) =
∫
d2sTA(~s)TB(~b − ~s); (3)
and the thickness function, TA is dened as TA(~b) =∫
dzA(~b; z). The nuclear density, A(~b; z) is
parametrized by Wood-Saxon type prole function [10],
A(r) = 0
1 + ! r2=R2A
1 + e(r−RA)=z
(4)
where ! = 0, z = 0:549 for the Pb nucleus and RA =
1:2A1=3 and the central density, 0 is determined by the
normalization condition
∫
d3rA(r) = 1. In Fig. 1 n(b)
is shown as a function of the impact parameter, b. The
most central event in WA98 corresponds to b  3:2 fm/c.
At this value of the impact parameter n(b)  660. In the
present analysis, we, therefore take this value of n(b) for
the evaluation of prompt photon spectra.














FIG. 1. Hadron multiplicity, eective number of nu-
cleon-nucleon collisions and initial temperature as a function
of impact parameter calculated by using Glauber model for
nucleus - nucleus collisions (see text).
The prompt photon contributions has been evaluated
with possible intrinsic transverse motion of the par-
tons [4,11] inside the nucleon and multiplied by a K-
factor  2, to account for the higher order eects. The
CTEQ(5M) parton distributions [12] have been used for
evaluating hard photons. The relevant value of
p
s, en-
ergy in the centre of mass for WA98 experiment is 17.3
1
GeV. No experimental data on hard photons exist at
this energy. Therefore, the \data" at
p
s = 17:3 GeV
is obtained from the data at
p
s = 19:4 GeV of the
E704 collaboration [13] by using the scaling relation,
Ed=d3pγ jh1+h2!C+γ= f(xT = 2pT =
p
s)=s2, for the
hadronic process, h1 + h2 ! C + γ [14]. This scaling is
valid in the naive parton model. However, such scaling
may be spoiled in perturbative QCD due to the reasons,
among others, the momentum dependence of the strong
coupling, s and from the scaling violation of structure
functions, resulting in faster decrease of the cross sec-
tion than 1=s2 [11]. Therefore, the data at
p
s = 17:3
GeV obtained by using the above scaling gives a con-
servative estimate of the prompt photon contributions.
In the present work this has been used to reproduce the
scaled p − p data. We have seen that the eects of the
nuclear shadowing in parton distributions on the prompt
photons are negligibly small at SPS but it is important
at RHIC and LHC energies [15]. This is because the
value of x( 2pT =ps) at SPS is not small enough for the
shadowing eects to be important.
It has been emphasized that the properties of hadrons
will be modied due to its interaction with the particles
in the thermal bath and such modications will be re-
flected in the dilepton and photon spectra emitted from
the system (see Refs. [16{20] for review). Broadly two
types of medium modications are expected: shift in the
pole position and/or broadening of the spectral function.



















FIG. 2. Solid (long dashed) line represent density of ther-
mal ρ as a function of temperature with in-medium mass and
vacuum width (in-medium width and vacuum mass). Dotted
line represents the density with medium mass and width.
We would like to see here whether the WA98 photon
and CERES dilepton data can distinguish the follow-
ing scenarios: (I) the system is formed in the hadronic
phase with the hadronic masses (except pseudoscalars)
approaching zero near the critical temperature according
to the universal scaling law [16,21]
mH=mH = (1− T 2=T 2c )1=2 (5)
but the width remains unchanged in the medium, (II)
the width of the vector meson () increasing with tem-
perature as,
Γ = Γ=(1− T 2=T 2c ); (6)
with their vacuum masses or the third scenario (III) both
mass and width change according to eqs. 5 and 6 respec-
tively. A fourth case, (IV) could be the one in which
both the masses and width remain unchanged. In eqs. 5
and 6, Tc is the critical temperature (assumed as  Ti
for simplicity) and the  quantities denote the in-medium
values of the hadronic masses (mH) and  decay width
(Γ). This study becomes important because the CERES
dilepton data can not dierentiate the above two scenar-
ios (see the review [19]).
The photon production rates may be altered due to
the in-medium modications of thermal phase space fac-
tor as well as cross sections. The in-medium eects on the
thermal phase space factor is demonstrated through  as
it plays the most important role for the electromagnetic
probes. In Fig. 2 we display the change in the density
of thermal  as a function of temperature for scenarios
(I), (II) and (III) by solid, long-dashed and dotted lines
respectively. The density of  for both vacuum mass and
width (scenario IV, not shown in the gure) does not
show any appreciable dierence from scenario II (long-
dashed line). It is clear that the density of  is very
sensitive to the spectral shift of  mass due to Boltz-
mann enhancement but rather insensitive to the change
of width. The reason for small change in the density of
 due to the in-medium broadening can be understood
from the following arguments. The density of an unstable










k2+s=T − 1P (s) (7)
where g is the statistical degeneracy of the particle and





(s−m2 − Re )2 + (Im )2
(8)
Im (Re ) is the imaginary (real) part of the  self
energy. Eqs. 7 and 8 indicate that the density of par-
ticles (vector mesons) in a thermal bath is given by the
Bose-Einstein distribution weighted by the Breit-Wigner
function, which gets maximum weight from the point
s = m2 + Re , the contribution from either side of the
maximum being averaged out. Therefore, the results be-
come sensitive to the value of s = m2 = m
2
 + Re and
not to the width of the spectral distribution. Note that
P (s) tends to (s − m2 − Re) as Im ! 0, corre-
sponding to a stable particle. (Here,  is proportional to
the trace of the self energy tensor  of the ).
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FIG. 3. The photon production rate as function of its en-
ergy at a temperature, T = 180 MeV. Solid (long dashed) line
indicates rate for scenario III (scenario II). Dotted line repre-
sents the spectra without any medium eects. Filled circles
indicate photons originating from baryonic resonance decays.
Short dashed (dot-dashed) line indicates the photon emission
rate from a thermalized two-flavor quark gluon plasma for
αs = 0.08(0.2). Result for scenario I (not shown) does not
dier from scenario III (the solid line).
To evaluate photon emission rate from hadronic matter
we consider the processes [23,24]:   !  γ,   !  γ,
  !  γ,   !  γ and the decays  !   γ and
! !  γ. Photon production due to the process   !
a1 !  γ [20] is also taken into consideration. In Fig. 3
the static (xed temperature) photon spectra is shown for
T = 180 MeV. The solid line shows the enhanced yield
with in-medium masses and decay widths compared to
the yield obtained with vacuum masses and width (dot-
ted line). The long-dashed line showing the result with
in-medium width and vacuum masses does not dier sub-
stantially from the dotted line, because we nd that the
eects of the change in the decay width both on the phase
space and the production cross section are small. We
observe that the contributions from the decays of bary-
onic resonances (N(1520); N(1535); N(1440); (1232);
and (1620)) are also small (lled circle). The values
of the decay widths, R ! N γ, where R and N denote
the baryonic resonances and the nucleon respectively, are
taken from the particle data book. It is observed that
the photon yield with universal mass variation scenar-
ios, I and III is almost an order magnitude larger than
the case II with large broadening of the . The scenario
(III) gives result similar to (I). Reduction in the hadronic
masses causes an enhancement in the thermal distribu-
tion of mesons because of which the rate of thermal emis-
sion of photons increases. The scenario with vacuum val-
ues for both masses and width does not show any appre-
ciable dierence from (II). For the sake of comparison we
have also shown the photon emission rate from a thermal-
ized QGP. The photon spectra from QGP includes Comp-
ton, annihilation, bremsstrahlung and annihilation with
scattering processes [23,25,26] (see also [27{29]). From
the lattice results [30] the value of s  0:3(g2 = 4) at
T = 180 MeV. At T = 180 MeV the emission rates from
the QGP (dot-dashed) and hot hadronic matter (scenario
II and IV) are comparable for pT > 1:5 GeV. The pho-
ton yield from hadronic matter for scenario I (and III)
is substantially larger than that from QGP. However, it
should be mentioned here that the photon emission rate
from QGP is evaluated in Refs. [23,25,26] by using hard
thermal loop (HTL) approximations, which is valid for
the value of the color charge, g << 1. The validity of the
HTL approximation to higher values of g is doubtful. In
fact, such an extrapolation in the value of g (from g << 1
to  2) introduces an uncertainty by a factor of  5. Due
to these uncertainties we must be careful in making any
rm conclusion from the results obtained on the basis of
the HTL approximations. For s = 0:08(g = 1) the emis-
sion rate from QGP (short-dashed line) is much smaller
than the rates from hadronic matter.
To compare the photon yield with experimental data
we need to convolute the static (xed temperature) rate
with the space time evolution of the system - from the
initial state to the freeze-out state. The value of the
initial temperature is estimated as described below.
The hadron multiplicity in A + B collisions at an im-
pact parameter b can be evaluated in terms of the multi-









where dNpp=dy = 0:8 ln
p
s is the hadron multiplicity for
nucleon-nucleon collisions at mid-rapidity [31]. The value
of dN=dy is 725 at b  3:2 fm, ps = 17:3 GeV and
 = 0:09 (see Fig.1). The term 1 + (A1=3 + B1=3) takes
into account the energy degradation of the participat-
ing nucleons in the nuclear environment. For isentropic
expansion the initial temperature (Ti) is related to the
hadron multiplicity as,








ak = 2gk=90 is determined by the statistical degener-
acy (gk) of the system formed after the collisions. The
statistical degeneracy of the hadronic phase composed of
, , !, , a1 and nucleons, is a temperature dependent
quantity, its value is  30 near the critical temperature
where the hadronic masses go to zero according to the
universal scaling scenario [16]. The increase in the ef-
fective statistical degeneracy originates from the heavier
hadrons going to massless ( see also [34]) situation. A
value of geff  30 can also be realized from the lattice
data [32,33] near the phase transition point by using the
relation s=T 3 = 42geff=90, where s is the entropy den-
sity. For i = 1 fm/c [35] and gk  30, we get an initial
temperature Ti(b  3:2 fm)  200 MeV (see Fig. 1) in
the ideal fluid approximation (please note that the vari-
ation of Ti(b) as a function of the impact parameter is
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very slow because Ti(b)  [dN=dy(b)]1=3). In an attempt
to understand the lattice data in terms of the eective
elds [36] the eective degrees of freedom in hadrons was
limited to  24 which is the number of fundamental de-
grees of freedom for two quark flavors. In such a case
the initial temperature will be slightly higher than 200
MeV. However, we recall here that the inclusion of the
viscous eects in the system results in a smaller value
of the initial temperature [37] depending on the value of
the viscous coecients () on which useful constraints
can be imposed as discussed in [38]. However, in the
present calculation we will ignore any such eect.
The integration over the space time history has been
performed by taking the temperature prole from the
transport model [39] as well as by solving the (3+1)di-
mensional hydrodynamical equations. We discuss the re-
sults from transport model rst, where the temperature
varies with time as follows:
T (t) = (Ti − T1)e−t= + T1 (11)
The calculation is performed with two sets of parameters:
(i) Ti = 170 MeV, T1 = 110 MeV,  = 8 fm/c and (ii)
Ti = 200 MeV, T1 = 120 MeV,  = 8 fm/c. We observe
(not shown in the gure) that thermal photon yield re-
sulting from the rst set of parameters underestimates
WA98 spectra for both the scenarios I and II, probably
indicating a higher initial temperature of the re ball cre-
ated after the nuclear collisions. Therefore, we will not
discuss the case (i) further.
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FIG. 4. Total (prompt+thermal) photon yield in Pb + Pb
collisions at 158 A GeV at CERN-SPS. The theoretical cal-
culations contain hard QCD and thermal photons. The sys-
tem is formed in the hadronic phase with initial temperature
Ti = 200 MeV; ‘trans’ indicates the results for the cooling
law 11.
In Fig. 4 the pT distribution of
photons (prompt+thermal) is compared with the WA98
data. Within the framework of the transport model (sce-
nario (ii)) the data is well reproduced when the hadronic
masses and decay widths are allowed to vary according
to the eqs. 5 and 6 respectively (long-dash line). Pho-
ton spectra for scenarios (I) and (III) give similar results
and hence not shown separately. However, when scenario
(II) is considered for thermal photons the experimentally
observed \excess" photon in the region 1:5  pT (GeV)
 2:5 (dashed-dot line) is not reproduced. The dotted
line indicates results with vacuum masses and widths.
Next we study the sensitivity of the results on the
space-time evolution. In order to do that we solve the













which has been successfully used to study transverse mo-
mentum spectra of hadrons [41,42] and photons [5,7].
For our numerical calculations we choose  = 1 and
v0 = 0 at the initial time. The resulting photon yield
for the scenario (I) is shown in Fig. 4 (solid line). With
similar initial conditions the WA98 photon spectra is well
reproduced in this case also.
The agreement between the results obtained with two
dierent types of space time evolution scenarios (trans-
port model and hydrodynamics) can be explained as fol-
lows. We nd that the variation of temperature with time
(cooling law) in eq. 11 is slower than the one obtained by
solving hydrodynamic equations. As a consequence the
thermal system has a longer life time than the former
case, allowing the system to emit photons for a longer
time. In case of hydrodynamics this is compensated by
the transverse kick experienced by the photon at large
pT due to radial velocity of the expanding matter.
Now we study the invariant mass distribution of lepton
pairs measured by CERES/NA45 collaboration in Pb +
Au collisions. In Fig. 5 the experimental data is com-
pared with the theoretical results for dNch=d = 270.
The observed enhancement of the dilepton yield around
M  0:3− 0:6 GeV can be reproduced by all the scenar-
ios (I), (II) and (III) considered here. The data is also
well reproduced when hydrodynamics is used to describe
the space time evolution of the system for all the three
scenarios considered here. However, with vacuum prop-
erties of the vector mesons the low mass enhancement
can not be reproduced.
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FIG. 5. Dilepton spectra for 〈Nch〉=270 for dierent sce-
narios as indicated.
We conclude that the WA98 photon data can be de-
scribed well with hadronic initial state at a temperature
 200 MeV with masses of hadrons approaching to zero
near the critical temperature. Similar value of the ini-
tial temperature is obtained in Refs. [6,7,43]. Based on
the present and our earlier results [6], it is fair to say
that a simple hadronic model is inadequate to explain
the photon and dilepton data from WA98 and CERES
collaborations respectively. Either a substantial change
in the in-medium hadronic spectral function or the for-
mation of the QGP is required to describe the data. The
pT distribution of photons is almost unaected by the
broadening of the vector meson spectral function in the
medium. However, the invariant mass distribution of the
lepton pairs can be explained by all the three scenar-
ios, I, II and III. Thus by looking only at the dilepton
spectra it is dicult to dierentiate the above scenar-
ios (situation may become better with the improvement
of the experimental statistics). Therefore, a simultane-
ous measurement of photon and dilepton signals is not
only important to study the formation of QGP [44] but
it may also shed some light on the medium modication
of the hadrons, which is known to be closely related to
the restoration of chiral symmetry.
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